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We construct the transversal and longitudinal 4-vector potentials and
strengths Fµν in the momentum representation on using the second-type 4-
spinors recently proposed by Ahluwalia. Questions of relevance of this kind
of theories to the correct photon statistics are briefly discussed.
I. INTRODUCTION
In the papers [1–6] the hypothesis was discussed that a photon is a composite state
of a pair of neutral particles of the (1/2, 0) ⊕ (0, 1/2) representation. Unfortunately, the
matters related to the correct photon statistics have not been clarified in the papers on
“the neutrino theory of light”. Recently, after the study of previous papers [7,8] I asked
several questions [9] which might be relevant to this kind of field models. In the present
note I give a formal basis to some of my previous thoughts. Main objections were: 1) why
did one use the charged particle (electron-positron) 4-spinors and the Dirac current only in
order to construct photon states? 2) why were physicists so unpleasant to accept that the
electromagentic 4-vector may be longitudinal? 3) why did the physicists almost not explore
the possibility of using the electric and magnetic fields E and B in order to describe the
light in the quantum field theory?
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II. CLASSICAL FIELDS FOR A COMPOSITE PHOTON-NOTOPH
Here, we first construct the composite photons on using the 2-nd kind spinors [10,11].
On the basis of the formulas given in the Appendices A and B one obtains
λ
S
↑ (p
µ)γµλS↑ (p
µ) = λ
A
↑ (p
µ)γµλA↑ (p
µ) =
m
N
[uµ(p, 0t)− uµ(p, 0)] , (1a)
λ
S
↓ (p
µ)γµλS↓ (p
µ) = λ
A
↓ (p
µ)γµλA↓ (p
µ) =
m
N
[uµ(p, 0t) + u
µ(p, 0)] , (1b)
λ
S
↑ (p
µ)γµλS↓ (p
µ) = λ
S
↓ (p
µ)γµλS↑ (p
µ) =
m
N
√
2
[uµ(p,+1)− uµ(p,−1)] , (1c)
λ
S
↑ (p
µ)γµλA↓ (p
µ) = −λS↓ (pµ)γµλA↑ (pµ) = −
m
N
√
2
[uµ(p,+1) + uµ(p,−1)] . (1d)
After simple alebraic transformations one can write the (1/2, 1/2) momentum-space func-
tion, for instance, in the following forms (a1 + a2 = 1, a3 + a4 = 1):
1
uµ(p,+1) =
N
m
√
2
{
a1
[
λ
S
↑ (p
µ)γµ(1 + γ5)λS↓ (p
µ)
]
+ a2
[
λ
S
↓ (p
µ)γµ(1− γ5)λS↑ (pµ)
]}
=
=
N
m
√
2
{
a1
[
λ
A
↑ (p
µ)γµ(1 + γ5)λA↓ (p
µ)
]
+ a2
[
λ
A
↓ (p
µ)γµ(1− γ5)λA↑ (pµ)
]}
, (2a)
uµ(p,−1) = − N
m
√
2
{
a3
[
λ
S
↑ (p
µ)γµ(1− γ5)λS↓ (pµ)
]
+ a4
[
λ
S
↓ (p
µ)γµ(1 + γ5)λS↑ (p
µ)
]}
=
= − N
m
√
2
{
a3
[
λ
A
↑ (p
µ)γµ(1− γ5)λA↓ (pµ)
]
+ a4
[
λ
A
↓ (p
µ)γµ(1 + γ5)λA↑ (p
µ)
]}
, (2b)
uµ(p, 0) =
N
2m
[
λ
S
↓ (p
µ)γµλS↓ (p
µ)− λS↑ (pµ)γµλS↑ (pµ)
]
=
=
N
2m
[
λ
A
↓ (p
µ)γµλA↓ (p
µ)− λA↑ (pµ)γµλA↑ (pµ)
]
, (2c)
uµ(p, 0t) =
N
2m
[
λ
S
↑ (p
µ)γµλS↑ (p
µ) + λ
S
↓ (p
µ)γµλS↓ (p
µ)
]
=
=
N
2m
[
λ
A
↑ (p
µ)γµλA↑ (p
µ) + λ
A
↓ (p
µ)γµλA↓ (p
µ)
]
. (2d)
Tensor currents may also be expressed by means of the electric/magnetic strengths:
λ
S
↑ (p
µ)σµνλS↓ (p
µ) = λ
S
↓ (p
µ)σµνλS↑ (p
µ) = −2im
N
E(+)(p, 0)
B(+)(p, 0)
 , (3a)
λ
S
↑ (p
µ)σµνλA↓ (p
µ) = λ
S
↓ (p
µ)σµνλA↑ (p
µ) =
2m
N
−B(+)(p, 0)
E(+)(p, 0)
 =
1For the sake of the general consideration it is assumed the neutrino states to be massive.
2
= iΓ0Γ5λ
S
↑ (p
µ)σµνλS↓ (p
µ) = iΓ0Γ5λ
S
↓ (p
µ)σµνλS↑ (p
µ) , (3b)
λ
S
↑ (p
µ)σµνλS↑ (p
µ) = −
√
2im
N

[
E(+)(p,+1)− E(+)(p,−1)
]
− i
[
B(+)(p,+1) +B(+)(p,−1)
]
i
[
E(+)(p,+1) + E(+)(p,−1)
]
+
[
B(+)(p,+1)−B(+)(p,−1)
]

(3c)
λ
S
↑ (p
µ)σµνλA↑ (p
µ) = iΓ0Γ5λ
S
↑ (p
µ)σµνλS↑ (p
µ) , (3d)
λ
S
↓ (p
µ)σµνλS↓ (p
µ) =
√
2im
N

[
E(+)(p,+1)−E(+)(p,−1)
]
+ i
[
B(+)(p,+1) +B(+)(p,−1)
]
−i
[
E(+)(p,+1) + E(+)(p,−1)
]
+
[
B(+)(p,+1)−B(+)(p,−1)
]

(3e)
λ
S
↓ (p
µ)σµνλA↓ (p
µ) = iΓ0Γ5λ
S
↓ (p
µ)σµνλS↓ (p
µ) . (3f)
In the above formulas and below one has
Γ5 =
 113×3 0
0 −113×3
 , Γ0 =
 0 113×3
113×3 0

. Hence, we have
Ei (+)(p, 0) =
iN
2m
[
c1λ
S
↑ (p
µ)σ0iλS↓ (p
µ) + c2λ
S
↓ (p
µ)σ0iλS↑ (p
µ)
]
+
+
N
4m
ǫijk
[
c3λ
S
↑ (p
µ)σjkλA↓ (p
µ) + c4λ
S
↓ (p
µ)σjkλA↑ (p
µ)
]
, (4a)
E(+)(p,+1) = c5
{
iN
4
√
2m
[
λ
S
↑ (p
µ)σ0iλS↑ (p
µ)− λS↓ (pµ)σ0iλS↓ (pµ)
]
+
+
N
8
√
2m
ǫijk
[
λ
S
↑ (p
µ)σjkλS↑ (p
µ) + λ
S
↓ (p
µ)σjkλS↓ (p
µ)
]}
+
+ c6
{
iN
4
√
2m
[
λ
S
↑ (p
µ)σ0iλA↑ (p
µ) + λ
S
↓ (p
µ)σ0iλA↓ (p
µ)
]
+
+
N
8
√
2m
ǫijk
[
λ
S
↑ (p
µ)σjkλA↑ (p
µ)− λS↓ (pµ)σjkλA↓ (pµ)
]}
, (4b)
E(+)(p,−1) = c5
{ −iN
4
√
2m
[
λ
S
↑ (p
µ)σ0iλS↑ (p
µ)− λS↓ (pµ)σ0iλS↓ (pµ)
]
+
+
N
8
√
2m
ǫijk
[
λ
S
↑ (p
µ)σjkλS↑ (p
µ) + λ
S
↓ (p
µ)σjkλS↓ (p
µ)
]}
+
+ c6
{
iN
4
√
2m
[
λ
S
↑ (p
µ)σ0iλA↑ (p
µ) + λ
S
↓ (p
µ)σ0iλA↓ (p
µ)
]
−
3
− N
8
√
2m
ǫijk
[
λ
S
↑ (p
µ)σjkλA↑ (p
µ)− λS↓ (pµ)σjkλA↓ (pµ)
]}
, (4c)
B(+)(p, 0) =
iN
2m
ǫijk
[
c1λ
S
↑ (p
µ)σjkλS↓ (p
µ) + c2λ
S
↓ (p
µ)σjkλS↑ (p
µ)
]
−
− N
4m
[
c3λ
S
↑ (p
µ)σ0iλA↓ (p
µ) + c4λ
S
↓ (p
µ)σ0iλA↑ (p
µ)
]
, (4d)
B(+)(p,+1) = c5
{ −N
4
√
2m
[
λ
S
↑ (p
µ)σ0iλS↑ (p
µ) + λ
S
↓ (p
µ)σ0iλS↓ (p
µ)
]
+
+
iN
8
√
2m
ǫijk
[
λ
S
↑ (p
µ)σjkλS↑ (p
µ)− λS↓ (pµ)σjkλS↓ (pµ)
]}
+
+ c6
{ −N
4
√
2m
[
λ
S
↑ (p
µ)σ0iλA↑ (p
µ)− λS↓ (pµ)σ0iλA↓ (pµ)
]
+
+
iN
8
√
2m
ǫijk
[
λ
S
↑ (p
µ)σjkλA↑ (p
µ) + λ
S
↓ (p
µ)σjkλA↓ (p
µ)
]}
, (4e)
B(+)(p,−1) = c5
{ −N
4
√
2m
[
λ
S
↑ (p
µ)σ0iλS↑ (p
µ) + λ
S
↓ (p
µ)σ0iλS↓ (p
µ)
]
−
− iN
8
√
2m
ǫijk
[
λ
S
↑ (p
µ)σjkλS↑ (p
µ)− λS↓ (pµ)σjkλS↓ (pµ)
]}
+
+ c6
{
N
4
√
2m
[
λ
S
↑ (p
µ)σ0iλA↑ (p
µ)− λS↓ (pµ)σ0iλA↓ (pµ)
]
+
+
iN
8
√
2m
ǫijk
[
λ
S
↑ (p
µ)σjkλA↑ (p
µ) + λ
S
↓ (p
µ)σjkλA↓ (p
µ)
]}
. (4f)
We still apparently note that on using the formulas of the Appendix A (26a-26h) one can
obtain formally different formulas connecting an antisymmetric tensor of the rank 2 and
tensor currents composed of λA,S↑↓ spinors. One can also repeat the derivation of the formulas
of this paper on using the Dirac 4-spinors, see the formulas (18a-18d), thus arriving at the
electron-positron theory of light. We leave this simple exercise to the reader.
III. WHERE MAY THE BEREZINSKY ARGUMENTS FAIL?
In refs. [10,11,13,14] the McLennan-Case construct [7] has been developed considerably.
We showed the theoretical possibility of existence of bi-orthonormal states which have slightly
different anticommutation relations comparing with the Dirac fermion. It was postulated
[
aη′(p
′µ), a†η(p
µ)
]
±
= (2π)32p0δ
3(p− p′)δη,−η′ , (5a)
4
[
bη′(p
′µ), b†η(p
µ)
]
±
= (2π)32p0δ
3(p− p′)δη,−η′ , (5b)[
aη′(p
′µ), b†η(p
µ)
]
±
= 0 . (5c)
for self/anti-self charge conjugate states. With taking into account these new ideas we
re-examine the Berezynsky proof of the Price’s theorem.
1) In ref. [5] (particularly in the first postulate, Eq. (6)) the author assumed neutrinos
to be massless. In the massive case we have to use the generalized expressions (see, for
instance, ref. [12, p. 177]) instead of (6) of ref. [5].
2) The author of ref. [5] assumed that neutrinos are fermions and (in his notation) the
operators ai(k) and bi(k) obey the commutation relations
[a†i (k), aj(k
′)]+ = [b
†
i (k), bj(k
′)]+ = δijδ(k− k′).
If we assume that the neutrinos are bi-orthonormal states in the Berezinsky notation the
analogues of anticommutation relations (5a-5c) may be expressed (in a particular case) as
follows:
[
a†i (k), bj(k
′)
]
+
=
[
b†i (k), aj(k
′)
]
+
= eiφ(i,j)δijδ(k− k′) (6)
with indices i and j referring to “i-th” or “j-th” (anti)neutrino, respectively. All other
anticommutators are equal to zero.
3) The right- and left- circular polarized photons have been assumed there to be massless
too. We still advocate that they also may be self/anti-self charge conjugate (or Γ5C self/anti-
self charge conjugate) massive states [11].
4) As a consequence of the item (3) we suggested [15] two definitions of the linear-
polarized radiation.
For field theorists it is known that the change of the polarization state of massive particles
can be made by the boost (and/or other non-unitary operations). On the other hand, it
appears that for j = 1 states (relevant to the problem at hand) the change of polarization
can be made by means of the change of the basis of the corresponding complex vector space,
5
i. e. by the rotation (on the classical level). It is produced by an unitary matrix. For
instance, if one describes the magnetic field as
Bcirc. =
B(0)√
2


i
1
0
 e+iφ +

−i
1
0
 e−iφ
 , (7)
(φ = ωt− k · r) on using the unitary matrix
U =
1√
2

−i 1 0
i 1 0
0 0
√
2
 (8)
one can obtain the linear polarized (in the plane XY ) radiation2,3
2If one wishes to see the real-valued magnetic fields instead of phasors here they are:
B
circ.
x = −
√
2B(0) sinφ , Bcirc.y = +
√
2B(0) cosφ . (9)
or
B
lin.
x = +B
(0) cosφ , Blin.y = +B
(0) cosφ , (10)
i. e., in the latter case one obtains the linear polarized radiation with the polarization angle equal to
pi/4. Of course, the given unitary matrix can be easily generalized to account for other polarization
angles.
3The transformation of transverse components with the matrix L used by G. Hunter [16, Eq.(19)]
is not generally unitary:
L ∼

(A−B) cosα −(A+B) sinα 0
(A−B) sinα (A+B) cosα 0
0 0 1
 , (11)
with α being the polar angle of the cylindrical system of coordinates. In the case of the linear
polarization defined in such a way [16] one has B×B∗ = 0. This transformation may also change
the normalization of the corresponding vectors which in the quantized case correspond to a particle
6
Blin. = UBcirc. = B(0)


1
0
0
 e+iφ +

0
1
0
 e−iφ
 . (12)
Of course, the corresponding quantum covering of the above transformation will be different
from (9) of ref. [5].
5) Furthermore, in private communication in January, 1999 Prof. W. Perkins pointed
out [17] that the requirement of what Berezinsky considered as a condition of “genuinely
neutrality” for a photon (the condition 5 of Berezinsky, Eqs. (10,11) of ref. [5]) may be lifted
(see also [6b]).
IV. DISCUSSION AND CONCLUSION
In the papers of Barut, e.g., ref. [18] a self-field formulation of quantum electrodynamics
have been proposed. It is based on the use of the solution
Aµ(x) =
∫
d4yDµν(x− y)jν(y) (13)
of the coupled Maxwell-Dirac equation
∂µFµν(x) = eΨ(x)γνΨ(x) . (14)
Dµν(x− y) is a Green’s function of electromagnetic field in the usual potential formulation.
In a series of the works A. Barut et al. have shown that this formulation of quantum
electrodynamics (based on the iteration procedure, not on the perturbation theory) leads to
the same experimental predictions as the ordinary formalism.
and an anti-particle. The determinant of the transformation is, in general, not equal to the unit.
While the determinant of our matrix is also not equal to the unit (detU = −i), but the norm of
the corresponding quantum states is still preserved (while this is not so for the corresponding real
quantities).
7
Let me try to write the formula (13) in the momentum space (To my knowledge, such
attempts are absent in the literature). I consider momenta as q = λt and p = (λ− 1)t, λ is
some function spanned from 0 to 1. In this case
Aµ(x) = −e
∫
d3pd3q
(2π)6
DF ((q − p)2)
2m
√
EpEq
∑
σσ′
{
uσ(p)γ
µuσ′(q)e
i(q−p)xa†σ(p)aσ′(q)+
+ vσ(p)γ
µvσ′(q)e
−i(q−p)xbσ(p)b
†
σ′(q)
}
, (15)
and, hence,
Aµ(t) =
∫ 1
0
dλf(λ, t2)
∑
σσ′,±
ψ
±
σ ((λ− 1)t)γµψ±σ′(λt) . (16)
Surprisingly, you may see the well-known Jordan ansatz. Thus, referring to the remark of
the previous paragraph one can state the longitudinal de Broglie-Jordan-Barut potential can
describe quantumelectrodynamic processes sufficiently good.
We think that in order to describe transverse components of the 4-vector potential (left-
and right- polarized radiations) correctly one should set up the different commutation re-
lations for the 4-spinor fields which are different from those used in the Dirac theory. It is
also possible that in order to overcome dificulties related to teh Pryce theorem one should
use the generalized definition of linear polarized radiation. In general, the room of choosing
the corresponding constants in the superpositions permits one to obtain various types of
(anti)commutation relations for the composite particles Tensor currents can also be gener-
alzied. In my opinion, resulting expressions of the type F µνλ ∼ ν¯η(σµν ± iσ˜µν)νη′ (and its
dual conjugates) also permit to construct the neutrino theory of light.
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APPENDIX A
Explicit forms of the second-type 4-spinors, refs. [10,11,13] in the Weyl representation
are (the spinorial basis is fixed as in ref. [13], cf. [14,19]):
λS↑ (p
µ) = +iρA↓ (p
µ) =
1
2
√
p0 +m

ipl
i(p− +m)
p− +m
−pr

, (17a)
λA↑ (p
µ) = −iρS↓ (pµ) =
1
2
√
p0 +m

−ipl
−i(p− +m)
p− +m
−pr

, (17b)
λS↓ (p
µ) = −iρA↑ (pµ) =
1
2
√
p0 +m

−i(p+ +m)
−ipr
−pl
p+ +m

, (17c)
λA↓ (p
µ) = +iρS↑ (p
µ) =
1
2
√
p0 +m

i(p+ +m)
ipr
−pl
p+ +m

. (17d)
(pr,l = px ± ipy, p± = p0 ± pz).
Their connections with the Dirac 4-spinors are the following:
λS↑ (p
µ) = = +i
1 + γ5
2
u↓(p
µ) +
1− γ5
2
u↑(p
µ) , (18a)
λS↓ (p
µ) = = −i1 + γ
5
2
u↑(p
µ) +
1− γ5
2
u↓(p
µ) , (18b)
λA↑ (p
µ) = = −i1 + γ
5
2
u↓(p
µ) +
1− γ5
2
u↑(p
µ) , (18c)
λA↓ (p
µ) = = +i
1 + γ5
2
u↑(p
µ) +
1− γ5
2
u↓(p
µ) . (18d)
Normalization conditions read:
9
λ
S
↑ (p
µ)λS↓ (p
µ) = −im , λS↓ (pµ)λS↑ (pµ) = +im , (19a)
λ
A
↑ (p
µ)λA↓ (p
µ) = +im , λ
A
↓ (p
µ)λA↑ (p
µ) = −im . (19b)
All other products for λ- spinors are equal to zero.
From (19a,19b) one deduces:
λ
S
↑ (p
µ)γ5λA↓ (p
µ) = +im , λ
S
↓ (p
µ)γ5λA↑ (p
µ) = −im . (20a)
λ
A
↑ (p
µ)γ5λS↓ (p
µ) = −im , λA↓ (pµ)γ5λS↑ (pµ) = +im . (20b)
All other products for λ- spinors are equal to zero.
Vector currents are:4
λ
S
↑ (p
µ)γµλS↑ (p
µ) =

p−
p1 − p1p3p0+m
p2 − p2p3p0+m
p3 −m− p
2
3
p0+m

, λ
S
↑ (p
µ)γµλS↓ (p
µ) = −

p1
m+
p2
1
p0+m
p1p2
p0+m
p1p3
p0+m

, (21a)
(21b)
λ
S
↑ (p
µ)γµλA↑ (p
µ) =

0
0
0
0

, λ
S
↑ (p
µ)γµλA↓ (p
µ) = +i

p2
p1p2
p0+m
m+
p2
2
p0+m
p2p3
p0+m

, (21c)
(21d)
λ
S
↓ (p
µ)γµλS↓ (p
µ) =

p+
p1 +
p1p3
p0+m
p2 +
p2p3
p0+m
p3 +m+
p2
3
p0+m

, λ
S
↓ (p
µ)γµλS↑ (p
µ) = −

p1
m+
p2
1
p0+m
p1p2
p0+m
p1p3
p0+m

, (21e)
(21f)
λ
S
↓ (p
µ)γµλA↓ (p
µ) =

0
0
0
0

, λ
S
↓ (p
µ)γµλA↑ (p
µ) = −i

p2
p1p2
p0+m
m+
p2
2
p0+m
p2p3
p0+m

; (21g)
4We imply that the first element corresponds to µ = 0 and, subsequently, µ = 1, 2, 3.
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and, hence,
λ
A
↑ (p
µ)γµλS↑ (p
µ) = 0 , (22a)
λ
A
↑ (p
µ)γµλS↓ (p
µ) = λ
S
↑ (p
µ)γµλA↓ (p
µ) , (22b)
λ
A
↑ (p
µ)γµλA↑ (p
µ) = λ
S
↑ (p
µ)γµλS↑ (p
µ) , (22c)
λ
A
↑ (p
µ)γµλA↓ (p
µ) = λ
S
↑ (p
µ)γµλS↓ (p
µ) , (22d)
λ
A
↓ (p
µ)γµλS↓ (p
µ) = 0 , (22e)
λ
A
↓ (p
µ)γµλS↑ (p
µ) = λ
S
↓ (p
µ)γµλA↑ (p
µ) , (22f)
λ
A
↓ (p
µ)γµλA↑ (p
µ) = λ
S
↓ (p
µ)γµλS↑ (p
µ) , (22g)
λ
A
↓ (p
µ)γµλA↓ (p
µ) = λ
S
↓ (p
µ)γµλS↓ (p
µ) . (22h)
Axial-vector currents are:
λ
S
↑ (p
µ)γµγ5λS↑ (p
µ) =

0
0
0
0

, λ
S
↑ (p
µ)γµγ5λS↓ (p
µ) = −i

p2
p1p2
p0+m
m+
p2
2
p0+m
p2p3
p0+m

, (23a)
(23b)
λ
S
↑ (p
µ)γµγ5λA↑ (p
µ) = −

p−
p1 − p1p3p0+m
p2 − p2p3p0+m
p3 −m− p
2
3
p0+m

, λ
S
↑ (p
µ)γµγ5λA↓ (p
µ) =

p1
m+
p2
1
p0+m
p1p2
p0+m
p1p3
p0+m

, (23c)
(23d)
λ
S
↓ (p
µ)γµγ5λS↓ (p
µ) =

0
0
0
0

, λ
S
↓ (p
µ)γµγ5λS↑ (p
µ) = +i

p2
p1p2
p0+m
m+
p2
2
p0+m
p2p3
p0+m

, (23e)
(23f)
λ
S
↓ (p
µ)γµγ5λA↑ (p
µ) =

p1
m+
p2
1
p0+m
p1p2
p0+m
p1p3
p0+m

, λ
S
↓ (p
µ)γµγ5λA↓ (p
µ) = −

p+
p1 +
p1p3
p0+m
p2 +
p2p3
p0+m
p3 +m+
p2
3
p0+m

; (23g)
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and, hence,
λ
A
↑ (p
µ)γµγ5λS↑ (p
µ) = λ
S
↑ (p
µ)γµγ5λA↑ (p
µ) , (24a)
λ
A
↑ (p
µ)γµγ5λS↓ (p
µ) = λ
S
↑ (p
µ)γµγ5λA↓ (p
µ) , (24b)
λ
A
↑ (p
µ)γµγ5λA↑ (p
µ) = 0 , (24c)
λ
A
↑ (p
µ)γµγ5λA↓ (p
µ) = λ
S
↑ (p
µ)γµγ5λS↓ (p
µ) , (24d)
λ
A
↓ (p
µ)γµγ5λS↓ (p
µ) = λ
S
↓ (p
µ)γµγ5λA↓ (p
µ) (24e)
λ
A
↓ (p
µ)γµγ5λS↑ (p
µ) = λ
S
↓ (p
µ)γµγ5λA↑ (p
µ) , (24f)
λ
A
↓ (p
µ)γµγ5λA↓ (p
µ) = 0 , (24g)
λ
A
↓ (p
µ)γµγ5λA↑ (p
µ) = λ
S
↓ (p
µ)γµγ5λS↑ (p
µ) . (24h)
Finally, tensor currents are:5
λ
S
↑ (p
µ)σµνλS↑ (p
µ) =

−p− + p21
p0+m
p1p2
p0+m
−p1 + p1p3p0+m
− p1p2
p0+m
p− − p22
p0+m
p2 − p2p3p0+m

, (25a)
λ
S
↑ (p
µ)σµνλS↓ (p
µ) = λ
S
↓ (p
µ)σµνλS↑ (p
µ) =

− p1p3
p0+m
− p2p3
p0+m
p0 − p
2
3
p0+m
p2
−p1
0

, (25b)
5We imply that the first element corresponds to µ = 0, ν = 1, and, subsequently, (µ = 0, ν = 2),
(µ = 0, ν = 3), (µ = 2, ν = 3), (µ = 3, ν = 1) (µ = 1, ν = 2).
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λ
S
↑ (p
µ)σµνλA↑ (p
µ) = +i

p1p2
p0+m
−p− + p22
p0+m
−p2 + p2p3p0+m
−p− + p21
p0+m
p1p2
p0+m
−p1 + p1p3p0+m

, (25c)
λ
S
↑ (p
µ)σµνλA↓ (p
µ) = λ
S
↓ (p
µ)σµνλA↑ (p
µ) = +i

−p2
p1
0
− p1p3
p0+m
− p2p3
p0+m
p0 − p
2
3
p0+m

, (25d)
λ
S
↓ (p
µ)σµνλS↓ (p
µ) = −

−p+ + p21
p0+m
p1p2
p0+m
p1 +
p1p3
p0+m
p1p2
p0+m
−p+ + p22
p0+m
p2 +
p2p3
p0+m

, (25e)
λ
S
↓ (p
µ)σµνλA↓ (p
µ) = +i

p1p2
p0+m
−p+ + p22
p0+m
p2 +
p2p3
p0+m
p+ − p21
p0+m
− p1p2
p0+m
−p1 − p1p3p0+m

. (25f)
and, hence,
λ
A
↑ (p
µ)σµνλS↑ (p
µ) = −λS↑ (pµ)σµνλA↑ (pµ) , (26a)
λ
A
↑ (p
µ)σµνλS↓ (p
µ) = −λS↑ (pµ)σµνλA↓ (pµ) , (26b)
λ
A
↑ (p
µ)σµνλA↑ (p
µ) = −λS↑ (pµ)σµνλS↑ (pµ) , (26c)
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λ
A
↑ (p
µ)σµνλA↓ (p
µ) = −λS↑ (pµ)σµνλS↓ (pµ) , (26d)
λ
A
↓ (p
µ)σµνλS↑ (p
µ) = −λS↓ (pµ)σµνλA↑ (pµ) , (26e)
λ
A
↓ (p
µ)σµνλS↓ (p
µ) = −λS↓ (pµ)σµνλA↓ (pµ) , (26f)
λ
A
↓ (p
µ)σµνλA↑ (p
µ) = −λS↓ (pµ)σµνλS↑ (pµ) , (26g)
λ
A
↓ (p
µ)σµνλA↓ (p
µ) = −λS↓ (pµ)σµνλS↓ (pµ) . (26h)
One can write corresponding relations between currents composed from the first-type
spinors and 4-vector potentials and electromagnetic strengths. They are found either by
direct calculations or by the application of the formulas of this Appendix.
Normalizations of the Dirac spinors (see the explicit forms in [20, p.53]6) are
u↑(p
µ)u↑(p
µ) = m u↓(p
µ)u↓(p
µ) = m, (27a)
v↑(p
µ)v↑(p
µ) = −m v↓(pµ)v↓(pµ) = −m. (27b)
Therefore, one has
u↑(p
µ)γ5v↑(p
µ) = m u↓(p
µ)γ5v↓(p
µ) = m, (28a)
v↑(p
µ)γ5u↑(p
µ) = −m v↓(pµ)γ5u↓(pµ) = −m ; (28b)
and
u↑(p
µ)γµu↑(p
µ) = u↓(p
µ)γµu↓(p
µ) = (29a)
= u↑(p
µ)γµγ5v↑(p
µ) = u↓(p
µ)γµγ5v↓(p
µ) =
m
N
uµ(p, 0t) , (29b)
u↑(p
µ)γµv↑(p
µ) = −u↓(pµ)γµv↓(pµ) = (29c)
= u↑(p
µ)γµγ5u↑(p
µ) = −u↓(pµ)γµγ5u↓(pµ) = m
N
uµ(p, 0) , (29d)
u↑(p
µ)γµu↓(p
µ) = u↓(p
µ)γµu↑(p
µ) = u↑(p
µ)γµγ5v↓(p
µ) = u↓(p
µ)γµγ5v↑(p
µ) = 0 , (29e)
6Those 4-spinors were given in the standard representation. Please pay attention to misprints in
formulas (2.137,2.138) of ref. [20], E+m2m ⇒
√
E+m
2m .
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u↑(p
µ)γµv↓(p
µ) = u↑(p
µ)γµγ5u↓(p
µ) =
m
√
2
N
uµ(p,−1) , (29f)
u↓(p
µ)γµv↑(p
µ) = u↓(p
µ)γµu↑(p
µ) = −m
√
2
N
uµ(p,+1) . (29g)
One also deduces
v↑(p
µ)γµu↑(p
µ) = u↑(p
µ)γµv↑(p
µ) , (30a)
v↑(p
µ)γµu↓(p
µ) = u↑(p
µ)γµv↓(p
µ) , (30b)
v↑(p
µ)γµv↑(p
µ) = u↑(p
µ)γµu↑(p
µ) , (30c)
v↑(p
µ)γµv↓(p
µ) = u↑(p
µ)γµu↓(p
µ) = 0 , (30d)
v↓(p
µ)γµu↑(p
µ) = u↓(p
µ)γµv↑(p
µ) , (30e)
v↓(p
µ)γµu↓(p
µ) = u↓(p
µ)γµv↓(p
µ) , (30f)
v↓(p
µ)γµv↑(p
µ) = u↓(p
µ)γµu↑(p
µ) = 0 , (30g)
v↓(p
µ)γµv↓(p
µ) = u↓(p
µ)γµu↓(p
µ) ; (30h)
and
v↑(p
µ)γµγ5u↑(p
µ) = u↑(p
µ)γµγ5v↑(p
µ) , (31a)
v↑(p
µ)γµγ5u↓(p
µ) = u↑(p
µ)γµγ5v↓(p
µ) = 0 , (31b)
v↑(p
µ)γµγ5v↑(p
µ) = u↑(p
µ)γµγ5u↑(p
µ) , (31c)
v↑(p
µ)γµγ5v↓(p
µ) = u↑(p
µ)γµγ5u↓(p
µ) , (31d)
v↓(p
µ)γµγ5u↑(p
µ) = u↓(p
µ)γµγ5v↑(p
µ) = 0 , (31e)
v↓(p
µ)γµγ5u↓(p
µ) = u↓(p
µ)γµγ5v↓(p
µ) , (31f)
v↓(p
µ)γµγ5v↑(p
µ) = u↓(p
µ)γµγ5u↑(p
µ) , (31g)
v↓(p
µ)γµγ5v↓(p
µ) = u↓(p
µ)γµγ5u↓(p
µ) . (31h)
Finally,
u↑(p
µ)σµνu↑(p
µ) =
2im
N
 B(+)(p, 0)
−E(+)(p, 0)
 , (32a)
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u↑(p
µ)σµνv↑(p
µ) =
2m
N
E(+)(p, 0)
B(+)(p, 0)
 , (32b)
u↑(p
µ)σµνu↓(p
µ) =
2im
√
2
N
 B(+)(p,−1)
−E(+)(p,−1)
 , (32c)
u↑(p
µ)σµνv↓(p
µ) =
2m
√
2
N
E(+)(p,−1)
B(+)(p,−1)
 , (32d)
u↓(p
µ)σµνu↓(p
µ) = −2im
N
 B(+)(p, 0)
−E(+)(p, 0)
 , (32e)
u↓(p
µ)σµνv↓(p
µ) = −2m
N
E(+)(p, 0)
B(+)(p, 0)
 , (32f)
u↓(p
µ)σµνu↑(p
µ) = −2im
√
2
N
 B(+)(p,+1)
−E(+)(p,+1)
 , (32g)
u↓(p
µ)σµνv↑(p
µ) = −2m
√
2
N
E(+)(p,+1)
B(+)(p,+1)
 . (32h)
All the tensor currents of the type vh(p
µ)σµνuh′(p
µ) and vh(p
µ)σµνvh′(p
µ) will differ in the
sign from the corresponding expressions (32a-32h) due to vh(p
µ) = −uh(pµ)γ5 and the fact
that [γ5, σµν ]− = 0.
APPENDIX B
Field functions of the (1/2, 1/2) representation (in the momentum space) are deduced in
ref. [21] to be:
uµ(p,+1) = − N
m
√
2

pr
m+ p1pr
p0+m
im+ p2pr
p0+m
p3pr
p0+m

, uµ(p,−1) = N
m
√
2

pl
m+ p1pl
p0+m
−im+ p2pl
p0+m
p3pl
p0+m

, (33a)
uµ(p, 0) =
N
m

p3
p1p3
p0+m
p2p3
p0+m
m+
p2
3
p0+m

, uµ(p, 0t) =
N
m

p0
p1
p2
p3

. (33b)
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They do not diverge in the massless limit provided that N = m and describe the longitudinal
(in the sense h = 0) photons in this limit. If N = 1 we have “transverse photons” and
the divergent behaviour of the gauge parts of these field functions. The negative-energy
potentials are obtained by application of the complex conjugation operation (or the CP
conjugation, thus obtaining different field operators).
Corresponding strengths are
B(+)(p,+1) = − iN
2
√
2m

−ip3
p3
ipr
 = B(−)(p,−1) , (34a)
B(+)(p, 0) =
iN
2m

p2
−p1
0
 = −B(−)(p, 0) , (34b)
B(+)(p,−1) = iN
2
√
2m

ip3
p3
−ipl
 = B(−)(p,+1) , (34c)
and
E(+)(p,+1) = − iN
2
√
2m

p0 − p1prp0+m
ip0 − p2prp0+m
− p3pr
p0+m
 = E(−)(p,−1) , (35a)
E(+)(p, 0) =
iN
2m

− p1p3
p0+m
− p2p3
p0+m
p0 − p
2
3
p0+m
 = −E(−)(p, 0) , (35b)
E(+)(p,−1) = iN
2
√
2m

p0 − p1plp0+m
−ip0 − p2plp0+m
− p3pl
p0+m
 = E(−)(p,+1) . (35c)
They were obtained by the application of the formulas: B(±)(p, h) = ± i
2m
p × u(±)(p, h)
and E(±)(p, h) = ± i
2m
p0u
(±)(p, h)∓ i
2m
pu0 (±)(p, h). It is useful to compare these strengths
with those presented in [8, p.408] on using the different spinorial basis. Corresponding
cross products were also obtained in ref. [21] and it appears that they are related to the
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gauge parts (∼ pµ) of the 4-potentials in the momentum space. Relations of cross-products
with antisymmetric tensor will be given in a separate paper (preprint EFUAZ FT-99-67
(physics/9907048), Feb. 1999).
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